Abstract The ability to focus acoustic energy through the intact skull on to targets millimeters in size represents an important milestone in the development of neurotherapeutics. Magnetic resonance-guided focused ultrasound (MRgFUS) is a novel, noninvasive method, which-under real-time imaging and thermographic guidance-can be used to generate focal intracranial thermal ablative lesions and disrupt the blood-brain barrier. An established treatment for bone metastases, uterine fibroids, and breast lesions, MRgFUS has now been proposed as an alternative to open neurosurgical procedures for a wide variety of indications. Studies investigating intracranial MRgFUS range from small animal preclinical experiments to large, late-phase randomized trials that span the clinical spectrum from movement disorders, to vascular, oncologic, and psychiatric applications. We review the principles of MRgFUS and its use for brain-based disorders, and outline future directions for this promising technology.
Introduction
Ultrasound technology has been a mainstay of medical treatment for decades [1] . As early as the 1940s, researchers have attempted to focus ultrasound waves on body tissue, and on the brain in particular, as an alternative to resective and ablative procedures [1] [2] [3] [4] . However, the requirement for a craniotomy, owing to poor transmission of ultrasound waves through bone, limited the clinical applications of early attempts [1, 5] . But the last two decades have seen several advances in the fields of imaging, physics, and engineering that now make it possible to focus ultrasound onto targets virtually anywhere in the body. As a result, magnetic resonance-guided focused ultrasound (MRgFUS) has proven to be an attractive modality for noninvasive thermal ablation of soft tissue, and has been used to treat thousands of patients globally with uterine fibroids, breast carcinoma, and bone metastases [6] [7] [8] [9] [10] .
The application of MRgFUS to brain disorders has only recently been explored, in large part owing to the persistent challenges posed by the intact human skull to the passage of acoustic power. However, several advances have now permitted the development of transcranial MRgFUS. First, was the design of a spherical, phased array, multielement transducer helmet that permits a focusing of ultrasound energy [11] coupled to software that that compensates for skull-induced wavefront distortions as the ultrasound energy passes through the skull. Second, was preclinical animal models that demonstrated the safety, validity, and efficacy of this technology in generating brain lesions and disrupting the blood-brain barrier (BBB) [12, 13] . Finally, the development of sophisticated MR imaging (MRI) sequences that permit high-resolution visualization of brain targets, as well as real-time tissue temperature maps [14] [15] [16] [17] . These technical accomplishments have resulted in a noninvasive and image-guided approach to brain 
General Principles of Intracranial MRgFUS
The steps involved in an MRgFUS procedure are designed to achieve 3 primary objectives: 1) to transmit efficiently ultrasound energy through the intact skull, accounting for energy dispersion due to inhomogeneities in bone morphology and density; 2) monitor effectively tissue disruption, whether ablation or vascular permeability, using real-time imaging and thermometry; and 3) confirm the clinical effect of sonication, through patient and imaging feedback.
Among the advances that have made intracranial focused ultrasound possible is the ability to overcome the significant acoustic absorption, reflection, and distortion associated with the bony skull. To accomplish this, a specially designed MRgFUS helmet is used, which contains>1000 individual transducer elements (Fig. 1) . Using preoperative bone window computed tomography, treatment software can then make phase/amplitude corrections to compensate for aberrations along the acoustic path from each individual element, such that acoustic energy arrives at the target in phase. The result is a highly focused delivery of ultrasound energy, leading to temperature increase, and if the thermal exposure is high enough then it causes tissue necrosis and/or apoptosis [18, 19] . BBB disruption using MRgFUS is mediated by mechanical forces, rather then thermal, and its mechanisms are discussed below. To date, the feasibility of intracranial MRgFUS has been demonstrated in multiple animal models, including mouse, rabbit, pig, and primate [12, [20] [21] [22] . These models have helped inform the mechanisms of MRgFUS, its relative safety, and its effects on the brain compared with other ablative modalities. For example, a recent study in a swine model compared lesions following MRgFUS, radiofrequency, and radiosurgical ablation using MRI and histological examination [18] . The study found that MRgFUS and radiofrequency (RF) lesions evolve similarly on imaging and microscopic examination in the acute, subacute, and long-term periods. However, lesions following radiosurgery evolved differently, with little radiographic evidence of a lesion at 3 months, and with histologic examination demonstrating a relatively less circumscribed lesion. There was also evidence for effects beyond the treated zone with radiosurgery, such as edema and macrophage infiltration, that were not seen with RF and MRgFUS lesions [23] . The spatial and temporal resolution of MR thermometry coupled to focused ultrasound has also been demonstrated in animal models, which have shown high degrees of precision, ensuring that temperature rises are tightly restricted to the volume of interest [24] [25] [26] [27] . Although a detailed review of the physics of MRgFUS and the transmission of acoustic energy through the intact skull are outside the scope of this review, additional information can be found in [12, 13, 20, 28 and 29] .
In addition to the thermal interactions described above, ultrasound can induce mechanical effects on the tissue [30] . These mechanical effects are most often mediated by interactions of the pressure wave with microbubbles that are either generated in tissue by the pressure wave or are preformed and injected in the blood stream. The former requires very high exposures and is often associated with blood vessel rupture or occlusion [31] , but may be controlled to induce complete tissue disintegration [32] or vaporization [33, 34] . Preformed microbubbles are routinely injected in the bloodstream to enhance ultrasound signals from the blood for diagnostic imaging. These bubbles are very effective energy concentrators and can mediate ultrasound bioeffects at power levels that are<0.1 % of that required for thermal coagulation. In brain, ultrasound-induced microbubble interactions can open the BBB transiently and without any observable permanent effect on the brain tissue [21] . This method can then be used to facilitate MRI-guided local drug delivery into the brain, as will be discussed later..
The following describes the basic components of a MRgFUS thermal coagulation procedure, adapted from our current protocol to treat patients with treatment-refractory essential tremor. The device at our institution (Sunnybrook Health Sciences Center, Toronto, Canada) is manufactured by InSightec (Haifa, Israel).
Patient Preparation
On the morning of surgery patients undergo a complete head shave. Their scalp is inspected for scars and other lesions that could compromise the passage of ultrasound. A standard 4-pin stereotactic frame is installed on the patient's head under local Fig. 1 Magnetic resonance-guided focused ultrasound transducer helmet on a magnetic resonance imaging table. The model shown is ExAblate Neuro (InSightec, Haifa, Israel). The hose to the helmet carries cooled, degassed water that will provide the medium through which acoustic energy passes anesthetic. The pins and frame are placed as low as possible on the head to ensure that the center of the brain is within the treatment envelope. Once the frame is in place, a silicone membrane with a central hole is placed over the patient's head. This membrane will contain cooled, degassed water, which serves as the medium through which ultrasound will travel. All required preoperative checks are then performed. Vital signs are measured, monitoring devices-including pulse oximetry-are applied, and an intravenous line inserted. The patient is then led to the MRI machine. While lying on the MRI table, the patient's head is coupled to the MRgFUS helmet. The helmet contains a large, phased array transducer system that is composed of 1024 individual transducer elements [35] . The space between the patient's head and the transducers is filled with cooled, degassed water. The water is chilled at constant temperature (approximately 18ºC) so that the skull bone temperature remains within safe limits.
Treatment Procedures
Treatment begins by acquiring 3-T MR sequences through the entire brain and target region. Images are aligned and the target area examined. The surgeon reviews the images on the system workstation, identifies a target volume and location, delineates the treatment contours on the images, and reviews the treatment plan. Therapy-planning software calculates the parameters (phase and amplitude corrections to focus through the skull) required to treat effectively the defined region. Once the target and parameters are decided, treatment can begin (Fig. 2) .
During treatment, an ultrasound transducer generates a point of focused ultrasound energy, called a "sonication". First, a subablative power level is used to elevate the brain tissue at the ultrasound beam focus for a few degrees while mapping the temperature elevation distribution using MRI thermometry. The location of the maximum temperature elevation will be identified from these temperature maps and compared with the target location. Adjustments in the beam targeting will be used to align the temperature maximum to overlap with the target location. For ablative procedures, the sonication raises the tissue temperature within the target region to a prescribed maximum, causing a thermal coagulation effect. MR images acquired during sonication provide a quantitative, real-time temperature map of the entire field-of-view around the target area to confirm the location of the sonication and the size of the coagulated region. Thermoablative lesions are done sequentially in small increments to verify efficacy, and monitoring for adverse effects between sonications. The sonication process is repeated at multiple adjacent points, as required, to cover a prescribed treatment volume. Brain tissue temperatures are monitored in real-time using MR thermometry. A thermal map of the treatment volume confirms the therapeutic radiologic effect and is used to confirm that the ablation is proceeding according to plan.
Throughout treatment, following each sonication the patient is examined for both clinical and adverse events. At all times, the patient maintains remote control access with the ability to abort any sonication(s). Raising sonication temperatures to sublesional levels permits "mapping" of the target region, wherein neuronal activity is temporarily affected, but not abolished. In the thalamus, for example, sensory or motor disturbances following sublesional sonications, may alter targeting and guide optimal positioning for the definitive lesion.
Treatment ends once the clinical and radiologic effects are deemed satisfactory by the surgeon. For example, for essential tremor (ET), treatment is concluded once a complete or significant tremor reduction has been achieved while in the scanner, and after a lesion in the Vim nucleus of the thalamus has been demonstrated on T2-weighted imaging. The patient is then decoupled from the transducer helmet, removed from the MRI machine, and examined.
Post-treatment Procedures
Following the procedure, the patient undergoes a neurological examination in the recovery room. They are transferred to a neurosurgical unit and observed overnight. Structural MRI is obtained the following morning. If clinically well, patients can be discharged the day after their procedure. Clinical and radiologic follow-up is then arranged. Serial MRI will demonstrate the evolution of the lesion over time (Fig. 3) , and clinical follow-up is required to monitor for adverse events and recurrence, as well as to characterize the clinical effect. At our center, an MRI scan is performed on the first postoperative day, as well as at 1 week, and 1 and 3 months after treatment (Fig. 3) .
Current Applications
Currently, MRgFUS can be used in 2 ways: 1) to focally ablate neural tissue or 2) to temporarily disrupt vessel permeability, also known as BBB disruption. Studies investigating both applications are in various stages of development, ranging from early, preclinical animal models to multicenter, latephase clinical trials. Here, we review each of the emerging indications for MRgFUS for both ablation and BBB disruption, and highlight future directions for this promising means of treating brain-based diseases (Table 1) .
ET
ET is the most common movement disorder, affecting between 0.4 and 4.0 % of the general population [36] . Most commonly affecting the upper extremities, and the dominant arm in particular, the tremor is characteristically postural and exacerbated by movement. Progressive over time, ET leads in many patients to significant disability and functional impairment. Medical treatments are available for the majority of patients, but for up to 25-30 %, these are either ineffective or not tolerated [37] [38] [39] [40] [41] [42] . Such patients are unable to eat, drink, write, or otherwise engage in routine activities of daily living without caregiver or other support. For these treatmentrefractory patients, neurosurgical options may be appropriate.
All surgical approaches to ET target the ventral intermediate (Vim) nucleus of the thalamus, a key cerebello-motor relay structure, where neuronal oscillations have been linked to the tremor of ET [43] . Disruption of Vim activity can be achieved in 2 ways: 1) by ablating the nucleus, using RF thalamotomy, or 2) electrically stimulating it, using deep brain stimulation (DBS). Thalamotomy involves the introduction, under stereotactic guidance, of a probe through the brain and into the Vim, where its tip is heated to 75-80ºC, leading to permanent destruction of the nucleus. DBS is a nonablative alternative to thalamotomy, and involves the insertion of stimulating electrodes into the Vim, which are then connected to an implanted pulse generator. Both RF thalamotomy and DBS are highly effective in treating ET, with tremor control rates approaching 80-90 % [37, 38, 44, 45] . DBS can be performed bilaterally, whereas thalamotomy is typically restricted to one side. Both procedures are invasive, requiring cranial access and passage through the brain, with attendant surgical risks, including intracranial hemorrhage and infection.
MRgFUS has been developed as a noninvasive alternative to RF thalamotomy, allowing the generation of a thalamic lesion with real-time image and thermometry guidance, thus obviating the need to pass electrodes through the brain. In a feasibility study published in 2013, our group reported the first experience with MRgFUS in 4 patients with chronic, medically refractory ET [39] . All 4 patients underwent noninvasive thalamotomy, and experienced an immediate reduction in tremor during the procedure. At the 3-month follow-up, patients had a mean reduction in tremor of 81 %, as measured by the Clinical Rating Scale for Tremor, with functional impairment secondary to tremor reduced by an average of 40 %. The procedure was well tolerated, with one patient experiencing, at 3 months, permanent, but nondisabling, parasthesias in the fingertips of the treated hand; the other patients reported no serious adverse events. Serial MRI scans at 1 week, and 1 and 3 months, demonstrated a gradual evolution of the thalamic lesion with resolution of perilesional edema over time, which is in keeping with what is currently known about the progression of similar lesions following RF thalamotomy [23] ( Fig. 3) . These results were replicated in a larger phase I study from the University of Virginia, in which 15 patients with ET also underwent MRgFUS thalamotomy [46] . At 1-year follow-up, patients saw a mean reduction of 75 % in their dominant arm tremor score, using the Clinical Rating Scale for Tremor, as well as an 85 % reduction in functional disability. In this series, 4 patients (27 %) experienced persistent parasthesias, a figure in keeping with our own results, as well as the literature on sensory side effects following conventional RF thalamotomy and DBS [38] . Currently, only unilateral MRgFUS thalamotomy is being performed for ET. This is owing to the recognized risks of bilateral thalamotomy, including an up to 20-30 % risk of postoperative speech disturbances and ataxia [47] [48] [49] [50] . The results of both phase I trials suggest that MRgFUS is safe, and can produce radiologic and clinical results similar to open thalamotomy. Long-term follow-up is required to determine the durability of the clinical response, and whether rates of recurrence are similar to those with RF thalamotomy. Definitive evidence of efficacy also awaits the results of a randomized, double-blind, sham-controlled trial, which is currently being conducted.
Chronic Pain
Chronic pain is among the most challenging conditions to treat. The mainstay of pain management is pharmacological, often consisting of diverse combinations of different classes of medications. When patients remain symptomatic despite optimal medical management, surgical procedures become an option. Neurosurgeons have been involved in the management of chronic pain for>75 years, and several operations have been developed to treat both central-and peripheral-type pain syndromes [51] . Most of these are ablative, targeting either the sensory or affective component of the condition [51] . Central procedures, such as thalamotomy, cingulotomy, and dorsol root entry zone-otomy, target the brain and spinal cord and ascending pain pathways, while peripheral procedures, such as ganglionectomy and rhizotomy, target specific nerves or nerve bundles [51] .
The first study to examine MRgFUS for chronic, neuropathic pain was published in 2009 [35] . In this study, 9 patients with chronic, medication-resistant neuropathic pain underwent central lateral thalamotomy using MRgFUS. Therapy resistance was defined as no effective response to an adequate course of antiepileptic and antidepressant medications. The site of ablation was targeted to the posterior part of the thalamic central lateral nucleus. For all patients, the treatment was well tolerated and did not result in any side effects or neurological deficits with all patients experiencing some level of pain relief during the procedure. At 48 h after the treatment, patients reported pain relief ranging from 30 % to 100 % (mean 68 %). MRI at 48 h post-treatment showed lesions of 3-5 mm in diameter that were located at the target site as determined by preoperative stereotactic coordinates and the Morel stereotactic atlas. This proof-of-concept study was expanded in a more recent publication, in which 11 patients with chronic pain underwent MRgFUS and were followed for 1-year [52] . Five patients underwent a unilateral procedure, and 6 a bilateral procedure. As a group, patients experienced a mean pain reduction of 49 % and 57 % at 3 and 12 months, respectively. Six patients experienced immediate pain relief following their procedure. One patient experienced a small hemorrhage in the area of the motor thalamus, resulting in post-operative neurologic deficits. These resolved over time, with only minor impairment present at 1-year follow-up.
Trigeminal Neuralgia
Trigeminal neuralgia (TN), with an estimated prevalence of 20 per 100,000 population, is a common and challenging pain syndrome, characterized by sharp, stabbing electric pain in the distribution of the trigeminal nerve [53] . Surgical treatments for TN are reserved for patients in whom medical management, typically with antiepileptic medications, is insufficient or not tolerated. Surgery for TN focuses on the trigeminal nerve, at some point in it's course from skin to pons, and can include intentionally damaging the nerve and/or it's divisions, as well as nondestructive procedures that relieve vascular compression of the nerve at it's root entry zone (microvascular decompression) [54] . Gamma knife radiosurgery (GKRS) is now also frequently used in the treatment of TN, where a dose of 80 Gy is administered to the mid-cisternal portion of the nerve. It appears that one-third of patients treated with radiosurgery enjoy pain relief off medication. Another third of patients are pain free, but remain on medication, and an additional third derive only partial benefit from radiosurgery [55] . Risks of GKRS include the variation in susceptibility to radiation between patients, as well as the development of radiation-associated complications, such as secondary malignancy.
MRgFUS has also been proposed for the noninvasive management of refractory TN. However, there are important technical challenges associated with the generation of thermal injury next to the trigeminal nerve due to proximity of the petrous bone. Energy from ultrasound beams is efficiently absorbed by bone and could lead to excessive heating. For this reason, current treatment regimens require that the "treatment envelope" for sonications be at least 2.5 cm away from the inner table of the skull, to prevent heating of the bone and underlying dura. Therefore, optimal targets are those that are in the center of the brain, including periventricular structures such as the thalamus and basal ganglia. One study, performed in cadavers, examined the feasibility of making a trigeminal root entry zone lesion with MRgFUS and found that the petrous bone got as hot as the nerve but nonetheless concluded that the treatment could be done [56] . Using imaging data sets from 5 patients treated for ET at our center, we have recently modeled whether a similar lesion of the trigeminal root entry zone could be achieved with modification of focused ultrasound parameters. These preliminary data found that it would, indeed, be possible to focus on the very proximal trigeminal nerve at its root entry zone without significantly heating the petrous bone and the structures in and around it.
Brain Tumors
Treatment of malignant brain tumors is aimed at enhancing and prolonging quality of life. Unfortunately, the last 50 years have seen few treatment advances for the most malignant, and common, brain tumor, glioblastoma multiforme. Treatment of glioblastoma multiforme is multidisciplinary and typically involves radiologic and/or tissue diagnosis, followed by as safe as possible maximal surgical resection, and chemoradiation therapy. Important advances in the genetics of gliomas have further led to treatments being tailored to the individual genetic profile of a patient's tumor. Although there are innumerable challenges in brain cancer management, 2 of them include the infiltrative nature of the tumor, and hence diffuse spread throughout the brain at time of diagnosis, as well as the inability of current chemotherapy regiments to adequately cross the BBB. In clinical and preclinical trials, MRgFUS has been be used to address both of these challenges, namely to focally ablate lesions seen on MRI and to facilitate the passage of chemotherapy through BBB disruption.
Ablation
In 2010, McDannold et al. [57] published their experience with MRgFUS ablation in 3 patients with high-grade glioma. The purpose of the study was to evaluate the safety of MRgFUS thermal ablation of brain tumors performed through the intact human skull and to examine the radiologic effect of thermal ablation in the target tumor with contrast-enhanced MRI. All 3 patients underwent the procedure under conscious sedation and tolerated the procedure well. Significant tissue temperature increases were achieved within the tumor in all patients; however, thermal coagulation and permanent ablation was not achieved. Technical adjustments to the system, including a doubling of transducer elements, decreasing the frequency from 650 kHz to 230 k Hz, and increasing the power capability, were subsequently made and a fourth patient treated. Although the patient tolerated the procedure well, and the tumor was successfully ablated, the patient suffered a large brain hemorrhage 5 days after the procedure and died. The cause of death was linked to a possible underlying coagulopathy, and changes were made to exclude such patients from subsequent MRgFUS trials. In addition, only the higher frequency devices are currently used for thermal ablation in order to reduce a risk of inertial cavitation (formation and collapse of gas bubbles) that has been associated with bleeding [31] . Additional trials investigating MRgFUS ablation for metastatic brain cancer, a condition in which resection may have a more substantial impact on the natural history of the condition, are currently underway.
BBB Disruption
The BBB is composed of tightly bound capillary endothelial cells and is the brain's primary defense against large and molecularly heavy toxins. This dense capillary network, which is lined by a continuous layer of epithelial cells, provides a broad barrier system, prohibiting the passive and active transport of large and potentially harmful molecules [28] . Tight junctions between capillary endothelial cells further limit the transport of molecules between cells, ensuring that access to the central nervous system is transcellular. Therefore, passage across the BBB is by diffusion for small molecules or receptor-mediated for larger molecules [28] . This rigid, size, charge and biochemically mediated barrier has hampered the development of neurotherapeutics for brain cancer, and also for other neurodegenerative conditions such as Alzheimer's disease (AD) and Parkinson's disease (PD) [58] . A potentially promising application of MRgFUS is the ability to temporarily disrupt the BBB, thus facilitating the passage of compounds too large to otherwise pass into the brain. Such compounds can include chemotherapy agents, as well as monoclonal antibodies. The last decade has seen significant advances in this area, with preclinical models demonstrating 1) that MRgFUS can open the BBB temporarily while not generating a lesion or irreversible damage [21] ; 2) that chemotherapy agents can get into the brain in concentrations that correlate with the time that the BBB was open [59, 60] ; 3) that temporary BBB opening is safe in small-and medium-sized animals [20, 21, 61] ; and 4) that it is possible to achieve significant levels of concentration in various types of tumors, including gliomas and brain metastases [62] .
BBB disruption can be achieved using a combination of MRgFUS at low frequencies and the simultaneous administration of contrast agents containing microbubbles. The interaction of acoustic energy and microbubbles at the capillary endothelial cells results in temporary disruption of the BBB and diffusion of large molecules [28] . The precise mechanisms underlying MRgFUS-mediated BBB disruption are under active investigation. Preclinical models suggest that temporary disruption of the BBB is likely the result of stable bubble oscillations, induced by the interaction of low acoustic power with preinjected microbubbles at the surface of capillary endothelial cells. Bubble oscillation and growth results in stretching of endothelial cell membranes, thus permitting transient opening of the BBB within seconds of the start of the sonications [28, 58, 63] . The opening is healed within approximately 6 h, although longer openings of 24 h and longer have been reported and are presumably associated with more serious tissue effects [64] . In animal models, a wide range of molecules, varying in size, have been transported across the BBB following MRgFUS-mediated disruption (see below). In general, these long-term studies have shown that the effects of MRgFUS BBB disruption on brain tissue is minimal, with negligible neuronal damage, no evidence of ischemia or apoptosis, no extravasation of erythrocytes, and no damage to sonicated tissue [12, 65] .
Using these approaches, several groups have shown that MRgFUS-mediated BBB disruption can achieve significant intratumoral and tissue concentrations of several key chemotherapeutic agents, including Herceptin (Roche, Basel, Switzerland), doxorubin and temozolamide (TMZ). In one study, Kinoshita et al. [60] used a mouse model to show Herceptin concentrations in target tissue were significantly correlated with the extent and duration of MRgFUSmediated BBB disruption. Wei et al. [66] used a glioma rat model to study concentrations of TMZ and tumor progression after MRgFUS-mediated BBB disruption. The authors found that compared with TMZ administration alone, chemotherapy plus MRgFUS resulted in greater cerebrospinal fluid concentrations of TMZ and reduced 7-day tumor progression rates. Using doxorubicin and MRgFUS BBB disruption in a rat model, Treat et al. [67] also found similar effects on glioma progression, with modest effects on survival. These results provide proof of concept that MRgFUSmediated BBB disruption is possible, and can achieve significant brain tissue concentrations of complex and large biologic agents. Such findings suggest that MRgFUS may be used either alone or as adjunctive therapy for patients undergoing surgical resection of primary or secondary brain malignancy. As a result, several human trials are currently underway to explore the use of MRgFUS for brain tumor therapy.
Neurodegenerative Disorders PD PD is a heterogeneous motor disorder, characterized by progressive tremor, rigidity, akinesia, and postural instability [68] . Among the pathologic hallmarks of the illness is cell death and subsequent loss of dopaminergic cells in the substantia nigra. Medications aim to restore dopamine reserves, but, over time, motor symptoms fail to respond even to dopamine replacement, and symptoms become difficult to predict and control. Neurophysiologic and preclinical primate models have shown that surgical disruption of key motor nuclei is associated with significant improvement in motor symptoms [69] . Several clinical trials have since established the role of neurosurgery for treatment-resistant PD [69] . As with brain tumors, MRgFUS can be used in 2 possible ways to manage PD. The first is leveraging the decades-long experience with ablative surgery and investigating MRgFUSmediated lesioning. This can include targeting the globus pallidus, with pallidotomy, in patients with disabling dyskinesias, as well as the ventral intermediate thalamus, or Vim thalamotomy, in patients with tremor-dominant disease. Phase I trials exploring both of these indications are currently underway. In addition, MRgFUS BBB disruption can potentially be used to facilitate the passage of neuronal growth factors, such as brain-derived neurotropic factor, or immune therapies, should these prove promising in the treatment of PD. For example, in a mouse model, Kinoshita et al. [70] demonstrated that, following MRgFUS BBB disruption, dopamine receptor antibodies were able to cross the BBB and find their antigens. The implication is that immunotherapies for neurodegenerative conditions, including PD and AD, may be facilitated by focal and temporary disruption of the BBB.
AD
AD is the most common neurodegenerative disorder. Primarily affecting those>60 years of age, the next 2 decades will see an exponential rise in cases. The pathologic hallmarks of AD include tau tangles and amyloid plaques, as well as a marked degeneration in structures and pathways subserved by cholinergic transmission, with medical management aimed at boosting cholinergic reserves and preventing the breakdown of acetylcholine. Unfortunately, these approaches have provided little, if any, meaningful benefit to patients. More recent trials, investigating immunobiologic agents targeting amyloid-beta (Aβ) peptide, also failed to demonstrate significant effects on cognitive and memory declines. The failure of these trials may relate, at least in part, to the recognized difficulty for large compounds to cross the BBB, with some studies showing that only 0.1 % of intravenously administrated anti-Aβ antibodies reaching the brain [22, 71] . Several studies using transgenic animal models of AD have now demonstrated that MRgFUS-mediated BBB disruption can be an effective means of introducing antibodies and reducing plaque burden. In one study, a single session of four MRgFUS sonications to 1 hemisphere in transgenic AD mice resulted in significant BBB disruption, delivery and binding of Aβ antibody to plaques, and a reduction in the number and size of plaques compared with the contralateral hemisphere [22] . Notably, antibody concentrations in the brain were similar to those achieved with surgical transplantation, as well as with intravenous infusion, but with 10 times less the dose. The same group also demonstrated the successful translocation of significant concentrations of neural stem cells, as well as adenoassociated virus type 9, into the brain using MRgFUS BBB disruption [72, 73] . These promising findings suggest that MRgFUS may offer a gateway into the brain for previously impassable compounds. Whether plaque reductions translate into improvements in behavioral outcomes, and whether these results can be translated to human trials, remains open to investigation.
Stroke and Thrombolysis
Ischemic and hemorrhagic stroke are major causes of mortality and morbidity. Current management strategies include early administration of thrombolytics for the former, and the option of surgical evacuation for large, accessible bleeds, in cases of intracerebral hemorrhage (ICH). Outcomes are influenced by patient factors, such as comorbidites, as well as the timing of medical and surgical intervention. Large trials comparing surgical with medical management for accessible ICH lesions have shown that early surgery does not increase risk and may be associated with improved long-term outcomes [74] . MRgFUS has been proposed as an additional tool for the management of patients with ICH, with the rationale that the procedure can offer a safe and efficient means of liquefying blood to facilitate MR-guided aspiration. This would help reduce clot burden and mass effect, and avoid a craniotomy. The mechanisms underlying MRgFUS-mediated clot lysis is mechanical and, more specifically, involves inertial cavitation with the generation and collapse of gas bubbles under highpressure amplitude waves. In this approach, the ultrasound peak powers are much higher than in any of the above applications and there is no need to inject preformed microbubbles. Preclinical work in animals and human cadavers has utilized lower frequencies for intraclot lysis, with the objective of disrupting the clot matrix and to generate a thin lysate, suitable for MR-guided aspiration. For example, Monteith et al. [75] used a swine model of ICH to demonstrate that MRgFUS can achieve liquefaction of ICH within seconds. The authors then used human cadaveric heads, injected with 40 cc of ICH, and showed that MRgFUS can successfully liquefy>95 % of the clot, allowing almost complete aspiration of blood contents.
Thus, MRgFUS may offer a noninvasive alternative to craniotomy in these cases, and, in particular, for deep-seated, dominant hemisphere bleeds, as well as intraventricular hemorrhages, where transcortical approaches may increase the risk of postoperative neurologic sequelae. Additional trials are now required to examine the feasibility of this intervention in human patients.
MRgFUS-mediated vascular recanalization is also an area of active investigation. Studies in rabbit models of carotid occlusion have shown that it may be feasible to use MRgFUS to recanalize blocked blood vessels [61, 76, 77] . Although very much in the early stages, such models can provide valuable information about the influence of acoustic energy on blood vessels and flow dynamics. Additional intriguing vascular applications include vascular and cavernous malformations, where the ablative properties of MRgFUS can be used to thrombose and exclude these lesions from the circulation.
Major Depression and Obsessive-Compulsive Disorder
Ablative procedures have been used to treat refractory psychiatric disease for>70 years [78] [79] [80] . Although these procedures have changed dramatically over time, the central premise, namely the disruption of limbic pathways connecting frontal with subcortical structures, remains the same. The management of mood and anxiety disorders is pharmacologic and psychotherapeutic, and for the majority of patients these approaches are effective. However, up to a third remain symptomatic despite optimal care, and are eligible for neuromodulation, including electroconvulsive-therapy, transcranial magnetic stimulation, DBS, and ablative or lesional procedures [81] . The most common ablative procedures for depression and obsessive-compulsive disorder (OCD) are cingulotomy and anterior capsulotomy. Cingulotomy involves the generation of typically bilateral lesions in the anterior cingulate gyrus, approximately 2 cm posterior to the edge of the corpus callosum [82, 83] . The procedure has been shown to be very safe, and an effective treatment option for patients with refractory mood and anxiety symptoms. In one prospective series, Dougherty et al. [82] followed 44 patients with OCD for a mean of 32 months and found that nearly half of the patients were at least partially improved following their operation. Capsulotomy involves a lesion in the anterior limb of the internal capsule, hence severing fronto-striatal and limbic projections. A recent study of 8 patients with treatmentrefractory depression found that bilateral anterior capsulotomy resulted in complete or partial remission in 4 patients at the 2-3 year follow-up [84] .
Both the anterior cingulate and anterior limb of the internal capsule are within current "treatment envelopes" for MRgFUS. For patients who have reached the limits of conventional psychiatric treatment, as well as for those who cannot tolerate or are not interested in other neuromodulation approaches, MRgFUS may offer a potential alternative. Realtime MR guidance and the ability to noninvasively re-treat patients who have a recurrence, are additional advantages over traditional open surgical approaches to ablative psychiatric surgery. Phase I trials exploring cingulotomy for depression and OCD are currently underway, and will provide valuable information about the safety of the procedure and it's clinical efficacy.
Risks of MRgFUS
In North America, MRgFUS is currently approved only for the treatment of painful bone metastases and uterine fibroids. Transcranial MRgFUS is not approved by the US Food and Drug Administration or Health Canada for any indication, and remains investigational. In Europe, the machine manufactured by InSightec (Haifa, Israel), known as the ExAblate Neuro System, recently received the European CE mark for noninvasive treatment of neurological disorders. This designation indicates the growing interest, and demonstrated safety, of the device for intracranial use. Approval by North American healthcare agencies will await the results of larger, multicenter, sham-controlled trials that are currently being conducted.
Critically, the enthusiasm for MRgFUS should be tempered by the relative infancy of the field, and it's as yet unknown longterm effects. With tremor, for example, questions remain about the long-term durability of both clinical and radiologic effects. Therefore, it may be too soon to draw conclusions or comparisons with open surgical approaches. Further, MRgFUS remains a neurosurgical procedure, with potentially life-threatening risks, that should not be minimized or trivialized. Indeed, the early experience with brain tumors showed that patients can, and do, die after a FUS procedure. It is therefore important to discuss the nature of the procedure with patients, and to disabuse them of the notion that this "noninvasive" approach does not involve direct, often irreversible, damage to the brain.
In addition to the potential risk of hemorrhage, there is also a risk of imprecise targeting of the focal point, and ablation of an area outside the planned treatment volume. Although this risk is mitigated by direct visualization of the target with MRI, patient movement and anatomical variations may, nevertheless, influence the final target position. MRgFUS currently allows surgeons to perform target position checks by applying sublesional sonications, checking for both adverse and clinical effects prior to the delivery of lesional temperatures. The ability to "map" thalamic regions, for example, is not unlike similar procedures performed in the course of radiofrequency thalamotomy and DBS. As with every new surgical technology, the initial costs of MRgFUS remain high. As a result, MRgFUS trials are currently being conducted only in centers with the necessary human, operational, and technical resources to study systematically the technology and it's applications.
Benefits of MRgFUS and Future Directions
The development of MRgFUS is most commonly compared to GKRS. There are certainly some similarities, namely that both are noninvasive, frame-based systems, which permit treatment within a prescribed and physician-contoured "treatment envelope". However, there are important differences. Unlike GKRS, MRgFUS does not use ionizing radiation, thus permitting multiple treatments, if necessary, without concern for cumulative radiation exposure. With GKRS there is also concern regarding variable biological responses to radiation and the development of secondary malignancy [85] , the risk of which has been estimated to be 0.04-0.10 % [86, 87] . Arguably the most important putative advantage of MRgFUS is that the effect of treatment is immediate, rather than delayed, as is the case with GKRS [46, 85, 88] . It is not clear, for example, if GKRS for trigeminal neuralgia or ET has been successful until several weeks to months after treatment [88] . The effect with MRgFUS occurs in the machine [39, 46, 52] . The ability to visualize the target using real-time MRI, and also to monitor the temperature of the lesion using MR thermometry, are additional advances that heighten safety and provide confidence that the prescribed lesion and the actual lesion are the same.
The next decade will likely see rapid advances in both clinical and technological domains for MRgFUS. As results from preclinical models translate to clinical trials, clinicians treating the conditions listed in Table 1 may have an additional tool for managing their patients and, in particular, those patients who may not want, or cannot tolerate, an operation. Larger studies, with longer follow-up will help characterize the long-term clinical and radiological effects, allowing better comparisons with open neurosurgical procedures. Furthermore, in addition to ablation and BBB disruption, other emerging applications of MRgFUS include noninvasive modulation of brain function [89] , as well as brain structure [90] .
The most important advances for MRgFUS will be technical. Currently, the typical procedure length for Vim thalamotomy using MRgFUS is approximately 4 h. With evolving software, off-line analysis of skull and brain anatomy, and experience, this will be significantly shortened. MRgFUS treatments also currently require a complete head shave. Advances in the efficient transmission of acoustic energy through the skull may obviate this need in the future. In addition, current treatments are restricted to being at least 2.5 cm away from the inner table of the skull owing to excessive heating and poor contouring of targets near bony anatomy. Expanding the "treatment envelope" is a priority for researchers, and will facilitate treatment throughout the brain, including the skull base, orbits, and spinal cord.
Conclusion
The ability to focus ultrasound energy through the skull and onto brain targets a few millimeters in size represents a substantial technical achievement and, potentially, a major milestone in neurotherapeutics. Several phase I studies have demonstrated that transcranial MRgFUS is safe, and can achieve clinical and radiologic effects similar to those with open neurosurgical approaches. Larger studies with long-term follow-up are now required to better characterize the response and validate these early results. If borne out, the expanding list of indications for MRgFUS may yet grow, with the technology becoming an increasingly available, and desired, option for both patients and clinicians.
